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Reevaluation of the Normal Epidermal Calcium
Gradient, and Analysis of Calcium Levels and ATP
Receptors in Hailey–Hailey and Darier Epidermis
Pekka T. Leinonen1, Pa¨ivi M. Ha¨gg2, Sirkku Peltonen3, Eeva-Mari Jouhilahti4, Jukka Melkko5,
Timo Korkiama¨ki1, Aarne Oikarinen2 and Juha Peltonen1,2,3,4
Electron probe microanalysis was used to analyze elemental content of human epidermis. The results revealed
that the calcium content of the basal keratinocyte layer was higher than that of the lowest spinous cell layer in
normal epidermis. This was surprising, as it is generally accepted that the calcium level increases with cellular
differentiation from the proliferative basal layer to the stratum corneum. Hailey–Hailey disease (HHD) and
Darier disease (DD) are caused by mutations in Ca2þ -ATPases with the end result of desmosomal disruption
and suprabasal acantholysis. The results demonstrated three major aberrations in HHD and DD lesions. First, in
HHD and DD lesions the calcium content in the basal layer was lower than in the normal skin. Second,
adenosine triphosphate (ATP) receptor P2Y2 was not localized to plasma membrane in acantholytic cells,
whereas P2X7 appeared in the plasma membrane, potentially mediating apoptosis. Third, transition of keratin 14
to keratin 10 was abnormal as demonstrated by the presence of keratinocytes expressing both cytokeratins,
which are usually exclusive in normal epidermis. Our results provide to our knowledge previously unreported
elements for understanding how the disturbed calcium gradient is linked to the alterations in ATP receptors and
keratin expression, leading to the clinical findings in HHD and DD.
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INTRODUCTION
Hailey–Hailey disease (HHD) and Darier disease (DD) are
autosomal dominant skin disorders characterized by disso-
ciation of epidermal keratinocytes (acantholysis) at the
suprabasal layer of the epidermis. HHD (OMIM 16960) and
DD (OMIM 124200) are caused by mutations in the genes
encoding the Golgi secretory pathway Ca2þ -ATPase
(NC_000003.10, human secretory pathway Ca2þ -ATPase
(hSPCA1), ATP2C1), and the sarco(endo)plasmic reticulum
Ca2þ -ATPase (SERCA) type 2 (NC_000012.10, SERCA2,
ATP2A2), respectively (Sakuntabhai et al., 1999; Hu et al.,
2000; Sudbrak et al., 2000). The calcium pump protein
hSPCA1 is located in the membrane of the Golgi and SERCA2
is located in the membrane of endoplasmic reticulum. The
mutations of the respective genes impair Golgi’s and
endoplasmic reticulum’s ability to sequester calcium (Behne
et al., 2003; Miyauchi et al., 2006) and result in high
cytosolic calcium concentrations in keratinocytes cultured
from HHD (Hu et al., 2000) and DD patients (Leinonen et al.,
2005). Furthermore, high cytosolic calcium concentration
has been previously shown to regulate the expression of
ATP2C1 and ATP2A2 genes (Mayuzumi et al., 2005; Yoshida
et al., 2006). Even though HHD and DD patients present
mainly skin manifestations, the genes coding for hSPCA1 and
SERCA2 are ubiquitously expressed. The lack of compensa-
tory mechanisms in keratinocytes, such as SERCA3 expres-
sion, has been suggested to explain the vulnerability of
keratinocytes to the inactivation of hSPCA1 and SERCA2
(Missiaen et al., 2007).
Multiple factors regulate the complex calcium signaling in
keratinocytes. The purinergic receptors are adenosine tripho-
sphate (ATP) receptors, which transmit extracellular calcium
signals, and calcium waves into the cytosol. Purinergic
receptors are divided into two categories: direct calcium
channels (P2X) and G-protein-coupled ATP receptors (P2Y).
Activation of P2X receptor leads to the opening of the
calcium channel whereas the activation of P2Y receptor
causes the formation of inositol 1,4,5-triphosphate, a known
calcium signaling messenger. Stimulation of P2Y receptor has
been shown to induce proliferation and to inhibit migration
in human keratinocytes in vitro (Dixon et al., 1999; Taboubi
et al., 2007). In addition, the expression of P2Y2 mRNA is
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downregulated in differentiated keratinocytes. Thus, it seems
that proliferating normal human keratinocytes rely on
P2Y receptors whereas differentiated keratinocytes use
P2X receptors to respond to the ATP stimulus (Inoue et al.,
2005).
The existence of epidermal calcium gradient was first
suggested in 1983 when analysis of cryosectioned skin
samples revealed high calcium content in the superficial part
of the epidermis (Malmqvist et al., 1983). Further studies have
verified that the stratum corneum displays the highest
calcium content in human epidermis (Forslind, 1987;
Forslind et al., 1995, 1997; Pallon et al., 1996). Since the
discovery of elemental analysis, the method has been used in
search for potential links between altered epidermal calcium
gradient and selected disorders of the skin. In HHD patients,
abnormal calcium distribution has been observed in nonle-
sional skin suggesting that an affected calcium pump could
result in alterations in the epidermal calcium gradient (Behne
et al., 2003). Most of the studies referenced above have been
carried out with proton-induced X-ray emission technique,
which, however, is not ideal for cell layer specific analysis.
To date, the epidermal calcium gradient has not been
studied in patients with DD, or compared with healthy
looking area and lesional epidermis, although these studies
would be instrumental for the understanding of the mechan-
ism behind HHD and DD.
The results of the current study obtained by electron probe
microanalysis (EPMA) revealed an expected decrease in
calcium level from the stratum corneum to the spinous layer.
However, calcium level increased in the basal-cell layer of
the normal epidermis. This was most unexpected because it is
traditionally accepted that calcium content increases with
cellular differentiation from the proliferative basal layer to the
stratum corneum. The results also demonstrate that the
pathogenesis of lesions in HHD skin but not necessarily in
DD skin is resulting from abnormally low calcium content in
the basal-cell layer. Abnormal tissue distribution of ATP
receptor localization may, at least in part, explain the
development of HHD and DD lesions.
RESULTS
Elemental content and calcium gradient of normal control
epidermis, and nonlesional and lesional epidermis of
Hailey–Hailey and Darier diseases
The cell layer specific elemental content of frozen and freeze-
dried 30 mm thick skin samples was analyzed with EPMA
(Figure 1). Control epidermis (n¼9) displayed highest
calcium content in the stratum corneum, with average
value of 520mg kg1 of dry weight (Figure 2a). The calcium
content then decreased towards the stratum granulosum and
stratum spinosum where it reached values of 360 and
350mgkg1, respectively. In stratum basale calcium content
rose again to average value of 520mg kg1. The calcium
levels in general are in accordance with earlier studies,
which show calcium concentrations of 200–1,000mg kg1
of epidermal dry weight (Pallon et al., 1996; Behne et al.,
2003). Potassium content was lowest in stratum corneum
with average value of 5,300mg kg1, and increased
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Figure 1. Electron probe microanalysis (EPMA) of control, Hailey–Hailey,
and Darier epidermis. Frozen skin samples obtained from healthy looking and
lesional skin area were cryosectioned and freeze-dried for elemental analysis.
Probe diameter 5 mm was selected to correspond cell size and probe interval
15mm so that all epidermal cell layers will be measured. Only the epidermal
part of the skin was measured. Measured values from stratum spinosum are
averaged and presented as one in Figure 2. Basal membrane is illustrated with
dotted white line in electron microscopy images. Different strata of the skin
are marked into figure: stratum corneum (SC), stratum granulosum (SG),
stratum spinosum (SS), stratum basale (SB), and papillary dermis (PD). Scale
bars in control, Hailey–Hailey, and Darier images are 100, 100, and 10 mm,
respectively.
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towards the stratum spinosum where its concentration was on
average 13,100mg kg1 (Figure 2b). Sodium content fol-
lowed potassium gradient and received its lowest value of
4,900mg kg1 in stratum corneum and highest value of
9,900mg kg1 in stratum basale (Figure 2c). Earlier studies
have shown that maximum values of potassium and sodium
content are around 14,000mg kg1 and the maximal
concentrations are located in the basal part of epidermis
corresponding well to our results (Forslind et al., 1997).
Relative carbon content remained constant throughout the
whole epidermis, which confirms the validity of the used
method to detect elemental changes from different cell layers
(Figure 2d).
Samples of HHD epidermis obtained from healthy looking
area (n¼7) displayed similar calcium content profile as
control epidermis whereas epidermis from lesional area
(n¼6) distinctively diverged from control skin. More
specifically, total calcium content in the stratum basale part
of lesional HHD epidermis was abnormally low, being
averagely 280mg kg1 (Po0.01). Potassium gradient was
preserved in healthy looking and lesional HHD epidermis but
displayed high maximum values of around 20,000mg kg1.
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Figure 2. Elemental composition of control epidermis, healthy looking skin, and lesional area of Hailey–Hailey and Darier epidermis. Calcium, potassium, and
sodium content/tissue dry weight (mg kg1) was investigated and relative carbon content measured with EPMA from epidermal skin samples in different
epidermal strata: stratum corneum (SC), stratum granulosum (SG), stratum spinosum (SS), and stratum basale (SB). (a) Abnormally low basal calcium content in
HHD epidermis is detected only in lesional area whereas DD epidermis displays low basal calcium content in both lesional and nonlesional area. (b) Potassium
gradient is preserved in HHD and DD epidermis although high maximum values are detected. (c) Low sodium concentrations are detected throughout lesional
HHD epidermis. In DD epidermis lesional area shows lower sodium concentrations than nonlesional area. (d) Relative carbon content remains constant
throughout the epidermis in all groups. In total epidermal samples from nine control persons, seven HHD patients, and eight DD patients were successfully
analyzed with EPMA. Statistically significant P-values are labeled with * (o0.05) or ** (o0.01). Actual data of individual measurements of each control and
patient samples are presented separately in supplementary figure (Figure S1).
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Sodium content in healthy looking HHD epidermis did not
diverge from control epidermis whereas lesional HHD
epidermis displayed decreased sodium levels throughout
the epidermis (Po0.05). Relative carbon content remained
constant in HHD epidermis, corresponding to the values of
the control epidermis.
In DD epidermis, basal cells in nonlesional (n¼8) and
lesional area (n¼ 8) showed abnormally low calcium content
compared to control skin. More specifically, basal calcium
content in DD epidermis was 340mgkg1 (Po0.05) in
nonlesional area and 290mgkg1 in lesional area (Po0.01).
Potassium gradient was preserved in nonlesional and lesional
DD epidermis displaying high maximum values of 16,000 and
21,000mgkg1, respectively. Sodium content was low in DD
epidermis being more pronounced in lesional area. More
specifically, sodium content in the stratum granulosum part of
nonlesional area was 5,300 and 3,400mgkg1 in lesional
epidermis of DD patients. Relative carbon content remained
constant in DD epidermis corresponding to control epidermis.
Evaluation of epidermal maturation and expression patterns of
purinergic ATP receptors using indirect immunofluorescence
and confocal laser scanning microscopic analysis of control,
Hailey–Hailey and Darier epidermis
P2Y antibody, P2Y1 showed intense basal-cell specific
localization in control epidermis (Figure 3a), which is in
agreement with earlier findings (Metcalfe et al., 2006). More
specifically, confocal microscopy demonstrated intracellular
distribution of the protein. HHD epidermis from healthy and
lesional area showed altered staining pattern with increased
suprabasal labeling. DD epidermis from healthy looking area
demonstrated basal-cell specific labeling with tattered
distribution on the basement membrane facing side. Acantho-
lytic DD epidermis was characterized with intense cytosolic
labeling throughout the lesion.
Antibody to desmosomal proteins desmoplakin I and II
showed typical cell membrane specific labeling in all cell
layers of control epidermis excluding basal cells (Figure 3b).
HHD epidermis from healthy looking area displayed similar
desmoplakin I and II localization as control epidermis
whereas lesional HHD epidermis showed aberrant clustered
distribution of the protein with partially preserved cell
membrane localization. DD epidermis from healthy looking
area demonstrated normal labeling at cell membranes
whereas acantholytic area was characterized with more
diffuse cytosolic labeling.
Another P2Y antibody, P2Y2 showed cell membrane
specific labeling in all cell layers of control epidermis
excluding basal cells (Figure 3c). HHD epidermis from
healthy looking area showed diffuse cytosolic localization
of the protein in addition to cell membrane labeling. Lesional
HHD area showed altered staining pattern with abolished
cell membrane labeling. DD epidermis from healthy looking
area demonstrated normal labeling at cell membranes
whereas acantholytic area was characterized with more
diffuse cytosolic labeling and partially abolished cell
membrane localization. Combined image showed colocali-
zation of desmoplakin I/II and P2Y2 in control epidermis
(Figure 3d). Colocalization of proteins was missing in lesional
HHD and partially in lesional DD epidermis.
The presence of purinergic calcium channel receptor
P2X1 receptor has not previously been investigated in
epidermis. Immunolabeling for P2X1 demonstrated most
prominent immunoreaction in the stratum corneum and the
basal-cell layer of control epidermis (Figure 3e). Nonlesional
HHD epidermis showed similar localization of the protein
whereas lesional HHD keratinocytes did not display promi-
nent localization in the basal layer. Nonlesional DD skin
resembled the control epidermis whereas lesional DD
keratinocytes displayed most intense and specific P2X1
receptor labeling in cell junction areas of granular layer.
The distribution of the other purinergic calcium channel
receptor, P2X7 somewhat diverged from the labeling pattern
of P2X1 receptor (Figure 3f). More specifically, P2X7 receptor
was primarily confined to plasma membrane of most super-
ficial cell layers in control epidermis, which is in agreement
with earlier findings (Metcalfe et al., 2006). In nonlesional
HHD and DD epidermis the localization of the receptor
Figure 3. Confocal laser scanning microscopy of control epidermis, healthy looking skin and lesional area of Hailey–Hailey, and Darier epidermis
immunolabeled for ATP receptors and differentiation markers of keratinocytes. (a) P2Y1 receptor localizes in cytosol and is confined to basal cells in control
epidermis. Nonlesional and lesional HHD epidermis display also suprabasal protein labeling. Nonlesional epidermis of DD shows labeling in basal cells with
tattered distribution on the basal aspect of the cells (arrowheads). Epidermis with lesion of DD displays intense cytosolic labeling throughout the lesion.
(b) Desmoplakin I and II localize at cell borders in every cell layer of control epidermis. Lesional HHD epidermis shows cytosolic and clustered localization of
desmoplakin (arrowheads) whereas lesional DD skin shows diffuse cytosolic labeling in some lesional cells (arrowheads). (c) P2Y2 receptor antibody shows
labeling at plasma membranes in all cell layers of control epidermis. Nonlesional HHD epidermis shows diffuse cytosolic labeling with partially preserved
plasma membrane localization whereas lesional HHD epidermis is characterized with disappearance of the protein from the plasma membrane and weak and
diffuse cytoplasmic immunoreaction. Lesional DD epidermis displays diffuse cytosolic localization of the protein with partially preserved cell membrane
labeling. (d) Combined image shows colocalization of desmoplakin I/II and P2Y2 in control epidermis whereas nonlesional epidermis of HHD patients shows
colocalization both in the plasma membrane and in the cytoplasm. Colocalization of proteins is missing in lesional HHD lesion. (e) P2X1 receptor antibody
demonstrates most prominent staining in stratum corneum and basale of control epidermis. Lesional HHD keratinocytes display uniform and weak labeling
without increased staining in the basal cells whereas lesional DD keratinocytes display most vigorous receptor labeling in cell junction areas of granular layer.
(f) P2X7 receptor localization is confined to plasma membrane of most superficial cell layers in control epidermis. Lesional HHD epidermis displays strong
labeling also in the basal parts of acantholytic areas whereas lesional keratinocytes in DD skin demonstrate slightly increased staining in the granular part. (g)
Cytokeratin 14 localizes in basal cells in control epidermis. Lesional HHD and DD epidermis display intense labeling in all cell layers. (h) Cytokeratin 10
localizes in suprabasal cells in control epidermis. Lesional HHD and DD skin display increased amount of suprabasal keratinocytes lacking the protein. All
images are taken with the same magnification. A 50 mm scale bar is presented at lower right corner. Skin surface is oriented at top. In total ten control, nine
healthy HHD, eight lesional HHD, eight healthy DD, and eight lesional DD epidermal samples were successfully immunolabeled.
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resembled that observed in control skin. In contrast,
acantholytic keratinocytes in HHD and DD showed more
intense labeling in the plasma membrane. P2X7 is associated
with cell death by apoptosis (Budagian et al., 2003; Wang
et al., 2003; Donnelly-Roberts et al., 2004), which would
provide a feasible link between the acantholysis and
expression of P2X7.
Basal-cell marker protein, cytokeratin 14 localized almost
exclusively in basal cells in control epidermis, which
corresponds to earlier findings (Figure 3g). HHD epidermis
from healthy looking area displayed suprabasal localization of
the protein whereas lesional area showed increased labeling
throughout the epidermis. DD epidermis from healthy looking
area demonstrated normal basal-cell specific labeling whereas
lesional DD epidermis was characterized with abnormally
intense cytosolic labeling in all cell layers included in the
lesion. Suprabasal cytokeratin, keratin 10 displayed localiza-
tion in all cell layers except in basal cells in control epidermis
(Figure 3h). In nonlesional HHD skin the localization of keratin
10 corresponded to that of control epidermis whereas lesional
HHD skin showed an increased number of suprabasal
keratinocytes devoid of keratin 10. Similarly in DD skin,
nonlesional area displayed normal labeling whereas in the
lesional area some suprabasal layers did not express keratin 10.
Results thus demonstrate aberrant differentiation of keratino-
cytes in lesional HHD and DD skin.
Involucrin and transglutaminase I were normally
expressed in the granular layer. The expression of involucrin
and transglutaminase I in control epidermis was compared to
the expression pattern in healthy and lesional HHD and DD
epidermis. No apparent differences in the localization of the
proteins between control and patient samples could be
detected. In addition, antibodies against SERCA2, hSPCA1,
and calcium sensing receptor were obtained and used to
label cryosections of control and patient samples but the
results were inconclusive (data not shown).
Expression of SERCA2, hSPCA1, P2Y1, and P2Y2 mRNAs in
normal keratinocytes during differentiation induced by high
extracellular calcium
Cultured normal keratinocytes were induced to differentiate in
1.8mM extracellular calcium. RNA was isolated at time points
0, 0.5, 4, 12, 24, and 48hours. The samples from cultures in
low calcium concentration served as controls for the same
time point samples originating from the high calcium cultures.
The competing hybridization was performed on Agilent slides
representing whole human genome. The results showed that
the elevation of calcium caused downregulation of SERCA2
mRNA expression, which lasted to the end of the experiment
(Figure 4). In contrast, the mRNA expression for hSPCA1 was
constantly upregulated. Of the ATP receptors, P2Y2 was
temporarily downregulated only during the first time point
after calcium switch whereas the expression of P2Y1 was
upregulated during second, third, and fourth time periods.
Figure 4 displays mean values of log2-transformed data and
separate measurements obtained from three different cell lines.
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Figure 4. Transcriptional changes of selected genes in keratinocyte cultures during high calcium-induced differentiation. Calcium-induced differentiation
(1.8mM) of keratinocytes leads to the downregulation of SERCA2 expression permanently whereas P2Y2 is downregulated only for a short time after calcium
switch. hSPCA1 is upregulated permanently whereas the expression of P2Y1 is upregulated during second, third, and fourth time periods. Figure displays mean
values of log2-transformed data and separate measurements obtained from three different mRNA expression analyses.
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DISCUSSION
Electron probe microanalysis proved to be an effective tool to
study the calcium gradient of the epidermis in search for
potential aberrations in cutaneous diseases. An unexpected
finding was that the normal control epidermis displayed a
calcium distribution pattern in part different from that of the
current consensus. Specifically, even though traditionally
accepted that the calcium content increases with cellular
differentiation from the proliferative basal layer to the stratum
corneum, the basal layer showed relatively high calcium
content. Analogous findings are suggested by the original
data of selected earlier studies (Forslind, 1987; Pallon et al.,
1996), but these results have not been highlighted in the
original publications. This is likely because of the fact that
proton-induced X-ray emission method gives only an average
value of a 15–30 mm thick tissue section. Thus, the proton-
induced X-ray emission analysis may include values of
overlapping cells in different morphological layers, which
makes the definite interpretation of the results difficult, or
impossible. In addition, the varying thickness of the
epidermis complicates pooling of the measured data, because
measurement point placed 50 mm from the skin surface
localizes to different layers of the epidermis in different parts
of the sample. Nonpermeable EPMA method overcomes the
obstacles itemized above. Yet, neither of the two methods
can separate the intra- and extracellular spaces. Thus, the
dissection of the intra- and extracellular compartments with
respect to their calcium levels remains a topic for future
studies with improved methods.
The results of this study revealed that the calcium
concentration in the basal layer of HHD and DD lesions
was lower than in the normal control skin. Furthermore, the
calcium content was also decreased in nonlesional DD
epidermis, but not in the nonlesional HHD. This finding is
supported by our earlier results, which demonstrated
abnormal calcium concentrations in keratinocytes cultured
from apparently healthy skin area of DD patients, but not in
those from HHD patients (Leinonen et al., 2005). As the
abnormally low calcium content in basal cells was detected
also in nonlesional DD skin it is feasible to speculate that the
impaired calcium gradient alone is not sufficient to induce
acantholysis in DD in contrast to HHD where nonlesional
epidermis displayed calcium levels comparable to normal
control skin. Thus, we speculate that the impaired calcium
metabolism plays more important role in the formation of
skin lesions in HHD than DD.
We have previously shown that Hailey–Hailey and Darier
keratinocytes cultured form healthy looking skin display
impaired ATP mediated calcium signaling (Leinonen et al.,
2005). P2Y2 has previously been shown to be the only
functional purinergic receptor in normal human keratinocytes
cultured in low calcium concentration favoring continuous
proliferation (Burrell et al., 2003; Inoue et al., 2005). This
study provides to our knowledge previously unreported
evidence that the ATP mediated calcium signaling is altered
also in vivo. Here we demonstrated abnormal localization of
four ATP receptors, P2Y1, P2Y2, P2X1, and P2X7 in lesional
HHD and DD epidermis. Most importantly, confocal micro-
scopy demonstrated lack of plasma membrane distribution of
P2Y2 in HHD and DD lesion. The intracellular localization of
the P2Y2 may suggest that it is not functional in lesional
keratinocytes. In addition, P2X7 receptor, also called death
receptor, showed intense immunosignal in the plasma
membrane of acantholytic cells. This finding suggests that
apoptosis signaling in HHD and DD lesions may take place
through P2X7 receptor.
In addition, the expression pattern of keratins 10 and 14
was abnormal. More specifically, several keratinocytes
expressing both keratin proteins were detected in the
suprabasal area. It is possible that the disturbed lesional
calcium content is linked to the alterations in ATP receptors
and keratin expression. Abnormal localization of cytokeratin
14 and 10 in lesional Hailey–Hailey and Darier epidermis
suggests a defect in the keratinocyte differentiation process.
Abnormal keratin labeling has been demonstrated in single
acantholytic cells of Hailey–Hailey and Darier epidermis
(Burge et al., 1988; Bergman et al., 1992), but this study
shows a marked differentiation defect in keratinocytes in
lesional epidermis of HHD and DD. The abnormality is most
pronounced in the lower epidermis, which is in accordance
with the suprabasal blister formation and normal expression
patterns of involucrin and transglutaminase.
This study provides to our knowledge previously un-
reported elements that will help to understand the pathogen-
esis of HHD and DD. Altered epidermal calcium gradient
and abnormal ATP receptor expression may promote a defect
in differentiation, and all these processes together may add to
the blistering tendency and keratinization defect.
MATERIALS AND METHODS
Collection of control and patient samples
Epidermal samples of 4 4 1mm sized were removed from the
skin with surgical knife after injection of 10mgml1 lidocain and
10 mgml1 adrenalin. Samples were frozen immediately by plunging
into 160 1C isopentane and stored into liquid nitrogen. Control skin
samples were obtained from pectoral region of 10 volunteers aged
25, 25, 26, 27, 31, 37, 39, 59, 66, and 71. HHD skin samples were
obtained from healthy looking skin area and lesional area of nine
patients aged 45, 45, 49, 57, 59, 60, 60, 69, and 80. All healthy skin
samples were obtained from pectoral region whereas lesional
samples were obtained from pectoral (6), groin (1), and abdominal
(1) regions. DD skin samples were obtained from healthy looking
skin area and lesional area of eight patients aged 35, 38, 48, 59, 61,
64, 67, and 69. All healthy skin samples were obtained from pectoral
region whereas lesional samples were obtained from thoracal (4) and
abdominal (4) regions. All skin samples were obtained from the
Department of Dermatology, University of Oulu, Finland with the
appropriate approval of the Joint Ethical Committee of the Oulu
University Hospital. In addition, written informed consent was
obtained from patients for this study. Diagnoses were based on
clinical and histopathological examination. Study was conducted in
agreement with the Declaration of Helsinki Principles.
Preparation and processing of cryosections
Protocol for elemental analysis of biological material follows
previously described methodology (Forslind et al., 1997). Shortly,
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frozen skin samples were cryosectioned at 25 1C to 30 mm thick
samples, placed on a carbon tape and freeze-dried at 80 1C
vacuum for 40 hours. Dehydrated sections were then coated with
thin carbon film and the analyses were performed immediately.
Indirect immunofluorescence sections were cut to 5mm thick
samples and allowed to dry before stored at 80 1C.
Elemental probe analysis of epidermis
Skin sections from control persons and patients were measured with
Electron Probe Microanalyzer Jeol JXA-8200 (EPMA) at the Institute
of Electron Optics, University of Oulu, Finland. The EPMA is
equipped with five wavelength dispersive spectrometers allowing
elemental analysis from beryllium to uranium. Analyzed elements
included calcium, potassium, sodium, and carbon. Dry weight
elemental detection limit with this experimental system is 160 p.p.m.
resulting reliable analysis up to 160mg kg1. According to previous
reports all detected elements are presented at concentrations above
the detection limit (Pallon et al., 1996; Behne et al., 2003).
Measurement was carried out with 5mm probe diameter and
15 mm interval of measurement points. The penetration of the
electron probe is only few micrometers in dry epidermis, which has
a density of approximately 1.39 g cm3 (Weigand et al., 1974). The
number of measurement points was selected according to the
thickness of analyzed epidermis so that measurement points covered
the whole epidermis (Figure 1). In lesional area the measurement
was not carried out through rupture area but next to it. The carbon
measurements were used to confirm that cells are presented in equal
proportions in every point measured. Different cell layers were
identified in control and patient samples according to the
morphological appearance of the cells under the microscope.
Stratum corneum was easily recognized, as well as the flattened
granular cells immediately under the stratum corneum. The basal-
cell layer was identified based on its location. Then, all the cell
layers remaining between the granular layer and the basal layer were
considered to be spinous cell layers. Two or three cross-sectional
lines were randomly selected from each sample.
Indirect immunofluorescence and confocal laser scanning
microscopy
Stored cryosections were allowed to melt and dry after which
sections were fixed and permeabilized in 100% acetone at þ 4 1C
for 10 minutes. The sections were then washed two times in
phosphate-buffered saline and blocked with 1% BSA in phosphate-
buffered saline, followed by primary and secondary antibody
incubations and Hoechst nuclear stain. Confocal laser scanning
microscopy was carried out using a Zeiss LSM 510 Meta Confocal
Microscope (Zeiss, Jena Germany) equipped with argon ion and
helium–neon lasers and LSM 3.0 software. The objective was Plan-
Apochromat  63/1.4 oil DiC. The images were taken using pinhole
of 93 mm, and the thickness of optical slices was 1mm. For excitation,
the 405-nm line was used for Hoechst, the 488-nm line for Alexa
Fluor 488 and the 543-nm line for Alexa Fluor 568. The beam path
for Alexa Fluor 488 contained a 488-nm main dichroic mirror and a
500–550IR-nm bandpass filter. The beam path for Alexa Fluor 568
contained a 543-nm main dichroic mirror and a 565–615IR
filter for detection of the emitted fluorescence. The resolution of
original images was 2048 2048 pixels, and images were saved in
tif format.
Antibodies
P2Y antibody: rabbit polyclonal anti-P2Y1, 1:200 (corresponding to
residues 242–258 of rat or human P2Y1; Alomone, Jerusalem, Israel);
and rabbit polyclonal anti-P2Y2, 1:200 (corresponding to residues
227–244 of rat P2Y2; Alomone); intracellular desmosomal protein
antibody: mouse monoclonal antidesmoplakin I/II, 1:10 (clone
DP2.15; Millipore, Billerica, MA); purinergic P2X receptor antibody:
rabbit polyclonal anti-P2X1, 1:100 (corresponding to residues
382–399 of rat P2X1; Alomone); purinergic P2X receptor antibody:
rabbit polyclonal anti-P2X7, 1:50 (corresponding to residues
136–152 of mouse P2X7; Alomone); intermediate filament protein
antibody: mouse monoclonal anticytokeratin peptide 14, 1:200
(clone CKB1; Sigma-Aldrich, St Louis, MO); intermediate filament
protein antibody: mouse monoclonal anticytokeratin 10, 1:50 (clone
DE-K10; Dako, Carpinteria, CA); keratinocyte differentiation marker
protein antibody: mouse monoclonal antiinvolucrin, 1:50 (clone
SPM 259; Santa Cruz Biotechnology, Santa Cruz, CA); cross-linking
enzyme of cell envelope: rabbit polyclonal antitransglutaminase I,
1:50 (corresponding to residues 731–817 of human origin; Santa
Cruz Biotechnology); Golgi P-type Ca2þ -ATPase: rabbit polyclonal
anti-PMR1, 1:50 (corresponds to residues 720–919 of hSPCA1; Santa
Cruz Biotechnology); SERCA antibody: mouse monoclonal anti-
SERCA2, 1:100 (clone IID8; Novocastra, Wetzlar, Germany).
Secondary antibodies used in the study were alexa goat
antimouse 488, 1:200 and goat antirabbit 568, 1:150. Nuclei were
stained blue with 7-minute Hoechst treatment, 1:10000.
Expression of ATP2C1, ATP2A2, P2Y1, and P2Y2 genes by
cultured keratinocytes in response to elevated extracellular
calcium concentration
Human keratinocyte cultures were established from skin samples by a
modification of the method described by Boyce and Ham (1985). Skin
samples were obtained from mammoplastic operations of three healthy
persons (aged 32, 38, and 46 years) at the Department of Surgery, Turku
University Central Hospital, Turku, Finland, with the appropriate
written consent and approval of the Ethical Committee of the Ethical
Committee of the Southwestern Finland Hospital District. Keratinocytes
of third to fifth passages were used for experimentation. The cells were
seeded on 25cm2 cell culture flasks and grown until about 40–60%
confluence in serum-free low calcium keratinocyte growth medium
(Invitrogen, Carlsbad, CA). The medium was subsequently changed to
defined keratinocyte growth medium (Invitrogen) containing either low
o0.1mM or high 1.8mM calcium concentration. Cells were harvested
at time points of 0, 0.5, 4, 12, 24, and 48hours. RNA was isolated using
cesium chloride gradient centrifugation method. Quantitation and
quality control of RNA was performed before sample labeling using
Bio-Rad Experion system (catalog no. 700-7002; Bio-Rad Life Science
Research Group, Hercules, CA). Agilent whole human genome
microarray (G4112A; Agilent Technologies, Palo Alto, CA) was used
as a microarray platform. Total RNA (20mg) was used for cDNA
synthesis and labeling with Cy3 and Cy5 utilizing fluorescent direct
label kit (G2557A; Agilent Technologies), and the hybridizations and
washes were performed according to the protocol provided by the
manufacturer. A total of 21 arrays were hybridized. Arrays were
scanned with Agilent Technologies Scanner, model G2505B. Numer-
ical results were extracted with Agilent Feature Extraction software. The
data were normalized using two methods: First, the most commonly
used within-array normalization method, 2D loess, and second the
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between-array normalization, quantile normalization (Smyth and
Speed, 2003; Tuimala et al., 2005). The expression levels of ATP2C1
and ATP2A2 genes, which encode mRNAs for hSPCA1 and SERCA2
proteins, respectively, and mRNA levels for P2Y1 and P2Y2 genes were
extracted from the log-transformed data. The Agilent platform used
yielded two-channel data in which the expression in high calcium
medium in each time point was compared to the mRNA levels in the
low calcium medium at the same time point. The overexpressed genes
have an expression above zero and underexpressed genes have an
expression below zero. In log2-transformed data value 1 corresponds to
twofold change.
Statistical analysis
Statistical analyses were performed with SPSS v. 15. Basal-cell
calcium content in control group was compared to nonlesional and
lesional HHD and to nonlesional and lesional DD groups. Total of
21 samples from nine control persons, 16 nonlesional and 14
lesional samples from seven HHD patients, and 17 nonlesional and
16 lesional samples from eight DD patients were used in statistical
analysis. To accommodate correlation among samples from same
person, extension of linear regression analysis with generalized
estimating equations was used. The sodium content of stratum
corneum, granulosum, spinosum, and basale layers in control group
were compared to corresponding layers in lesional HHD group. In
mRNA expression analysis mean values and standard deviations
were calculated from experiments carried out with three different
keratinocyte cell lines obtained from three healthy persons.
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